Effective strategies are needed to block mucosal transmission of human immunodeficiency virus type 1 (HIV-1). Here, we address a crucial question in HIV-1 pathogenesis: whether infected donor mononuclear cells or cell-free virus plays the more important role in initiating mucosal infection by HIV-1. This distinction is critical, as effective strategies for blocking cell-free and cell-associated virus transmission may be different. We describe a novel ex vivo model system that utilizes sealed human colonic mucosa explants and demonstrate in both the ex vivo model and in vivo using the rectal challenge model in rhesus monkeys that HIV-1-infected lymphocytes can transmit infection across the mucosa more efficiently than cell-free virus. These findings may have significant implications for our understanding of the pathogenesis of mucosal transmission of HIV-1 and for the development of strategies to prevent HIV-1 transmission. N ovel microbicide and vaccine candidates for human immunodeficiency virus type 1 (HIV-1) are being evaluated preclinically for efficacy by assessing their ability to protect nonhuman primates against cell-free simian immunodeficiency virus (SIV) or simian-human immunodeficiency virus (SHIV) challenges. However, it remains unclear whether cell-associated virus (virus-infected donor mononuclear cells), cell-free virus, or both play the most important roles in initiating mucosal infection by HIV-1 (1-5). This distinction is critical, since effective strategies for blocking cell-free and cell-associated virus transmission may be very different (3, 6, 7). We sought to explore early events in mucosal transmission of HIV-1 and SIV by evaluating the relative efficiency of cell-associated and cell-free virus in initiating mucosal infection. To model these infection events, we developed a novel three-dimensional sealed human colonic mucosa explant system. We utilized this system in association with the SIV distal colon in vivo challenge model in rhesus macaques to evaluate the relative efficiency of initiating mucosal infection using cell-associated virus compared to that of initiating mucosal infection using cell-free virus in vivo.
Efficiency of Cell-Free and Cell-Associated Virus in Mucosal
Effective strategies are needed to block mucosal transmission of human immunodeficiency virus type 1 (HIV-1). Here, we address a crucial question in HIV-1 pathogenesis: whether infected donor mononuclear cells or cell-free virus plays the more important role in initiating mucosal infection by HIV-1. This distinction is critical, as effective strategies for blocking cell-free and cell-associated virus transmission may be different. We describe a novel ex vivo model system that utilizes sealed human colonic mucosa explants and demonstrate in both the ex vivo model and in vivo using the rectal challenge model in rhesus monkeys that HIV-1-infected lymphocytes can transmit infection across the mucosa more efficiently than cell-free virus. These findings may have significant implications for our understanding of the pathogenesis of mucosal transmission of HIV-1 and for the development of strategies to prevent HIV-1 transmission.
N ovel microbicide and vaccine candidates for human immunodeficiency virus type 1 (HIV-1) are being evaluated preclinically for efficacy by assessing their ability to protect nonhuman primates against cell-free simian immunodeficiency virus (SIV) or simian-human immunodeficiency virus (SHIV) challenges. However, it remains unclear whether cell-associated virus (virus-infected donor mononuclear cells), cell-free virus, or both play the most important roles in initiating mucosal infection by HIV-1 (1) (2) (3) (4) (5) . This distinction is critical, since effective strategies for blocking cell-free and cell-associated virus transmission may be very different (3, 6, 7) . We sought to explore early events in mucosal transmission of HIV-1 and SIV by evaluating the relative efficiency of cell-associated and cell-free virus in initiating mucosal infection. To model these infection events, we developed a novel three-dimensional sealed human colonic mucosa explant system. We utilized this system in association with the SIV distal colon in vivo challenge model in rhesus macaques to evaluate the relative efficiency of initiating mucosal infection using cell-associated virus compared to that of initiating mucosal infection using cell-free virus in vivo.
MATERIALS AND METHODS

Viruses.
A replication-competent CC chemokine receptor type 5 (CCR5)-tropic HIV-1 strain expressing green fluorescence protein (GFP) [HIV-1(R5) NL4.3-BaL-GFP] (8) was utilized for human organ infections, and SIVmac251 (9) was utilized for rhesus monkey tissue infections.
TCID 50 for cell-associated virus and cell-free virus. The 50% tissue culture infective dose (TCID 50 ) was determined as previously described (10) . Briefly, 4 replicates each of cell-associated virus (starting with 200,000 cells/well) and cell-free virus (starting with concentrated virus) were added to the first column of a 96-well plate. Then, 5-fold dilutions were performed for a total of 9 serial dilutions (1:5 to 1:5 9 ). An additional column with no virus or cells added served as a negative control to measure the background. TZM-bl cells (NIH AIDS Research and Reference Reagent Program) expressing the reporter genes for firefly luciferase and ␤-galactosidase were added at a concentration of 5 ϫ 10 4 cells per well in Dulbecco modified Eagle medium containing 10% fetal calf serum (FCS), 20 U/ml human interleukin-2 (IL-2; Hoffmann-La Roche, Nutley, NJ), and 20 g/ml DEAE-dextran (Sigma-Aldrich, St. Louis, MO). Forty-eight hours after infection, cells were fixed and stained for ␤-galactosidase expression using X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; ␤-galactosidase reporter gene staining kit, Sigma-Aldrich) as a substrate. A positive well was defined as one that contained 2 or more blue cells (10) . The TCID 50 was calculated using the Spearman-Kaerber formula (11) .
Cell staining. Peripheral blood mononuclear cells (PBMCs) or enriched CD4 ϩ T lymphocytes were centrifuged for 7 min at 300 ϫ g, and the supernatant was aspirated. Cells were incubated with 5 M CellTracker Green (5-chloromethylfluorescein diacetate [CMFDA]; Life Technologies, Grand Island, NY) in RPMI 1640 (Corning, Manassas, VA) with 10% fetal bovine serum (FBS; Thermo Scientific, Logan, UT) and 1% penicillin-streptomycin (Life Technologies) (R10 medium) with 20 U/ml IL-2 for 40 min at 37°C. Alternatively, the cells were incubated in 0.45 M CellTrace Far Red [1,3-dichloro-7-hydroxy-9,9-dimethyl-2(9H)-acridinone-succinimidyl-ester (DDAO-SE); Life Technologies] for 15 min at room temperature (RT). After washing, the stained PBMCs were incubated in fresh R10 containing 20 U/ml IL-2 at 37°C. Cells were washed in fresh R10 medium 3 times before adding them to the wells containing the sealed mucosal colon tissue.
Preparation and infection of sealed human explant. Discarded human adult colon tissues were obtained after elective colectomy for nonresearch purposes, especially for colorectal cancer or intestinal blockage, within 2 h of surgery under institutional review board (Beth Israel Dea-coness Medical Center) approval. Specimens from patients with inflammatory bowel disease were excluded. In all cases, samples for this study were taken adjacent to margins of resection in order to ensure the use of both macroscopically and microscopically normal tissues. Some of the materials were fixed in 4% paraformaldehyde and then embedded in paraffin for hematoxylin-eosin (H&E) staining to confirm a normal structure and tissue integrity. Nonfixed tissue samples were washed repeatedly and incubated for 15 min in R10 supplemented with 15 g/ml gentamicin (Life Technologies), 15 g/ml ciprofloxacin (Sigma-Aldrich), 120 U/ml nystatin (Sigma-Aldrich), and 25 g/ml amphotericin B (Sigma-Aldrich). The muscularis propria side of the tissue was marked with black glitter particles (American Crafts, Orem, UT) to distinguish the mucosal side from the muscularis propria side during the sealing stage. The tissue was divided into circular pieces 4 mm in diameter with a biopsy punch and transferred to a 24-well plate with 0.5 ml of R10 supplemented with 20 U/ml IL-2, 5 g/ml insulin (Sigma-Aldrich), 5 g/ml transferrin (SigmaAldrich), 5 ng/ml selenium (Sigma-Aldrich), 2 ng/ml epidermal growth factor (Life Technologies), 15 g/ml gentamicin, and 15 g/ml ciprofloxacin. The biopsy specimens were sealed with a 3% solution of agarose (Lonza, Walkersville, MD) in double-distilled water. The mucosal side was positioned against a cold glass slide, and the opposite glitter-coated exposed side of the biopsy specimen was covered in gel. After rapid solidification of the gel, the biopsy specimens were transferred to a 24-well plate containing the culture medium described above with the luminal side facing upwards, allowing the unsealed mucosa to be exposed to free virus or cell-associated virus. Cell-free replication-competent HIV-1 (R5) NL4.3-BaL-GFP or CellTrace Far Red (DDAO-SE)-stained human CD4 ϩ T lymphocytes infected with HIV-1 (R5) NL4.3-BaL-GFP were introduced on top of the sealed explants under shaking conditions at 37°C for 2 days. The sealed explant tissue specimens were then washed with R10 and maintained in culture for 3 additional days at 37°C before explant cell isolation.
MTT cell viability assay. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay is based on the ability of mitochondrial dehydrogenase to convert MTT substrate (Sigma-Aldrich) into a blue formazan product. Tissue slices were incubated with the MTT substrate for 60 min at 37°C, followed by the addition of 500 l ethanol to dissolve the colored crystal products. Samples were read using an enzymelinked immunosorbent assay plate reader (Organon Teknika, Durham, NC) at a wavelength of 540 nm in reference to one of 650 nm (12) . For protein determination, the same ethanol-extracted organ slices were dissolved with lysis buffer (200 l double-distilled water, 0.1% Triton X-100), freeze-thawed twice, and sonicated, and the extract was clarified by centrifugation (3,000 ϫ g for 10 min). The protein content of extracts was determined by a Bradford assay. Cell viability was determined after correction for the protein content of the extracts. The amount of color produced is proportional to the number of viable cells.
Whole-mount immunofluorescence. Rhesus monkey colon biopsy specimens, about 2 mm 3 in size, were sealed with 3% agar gel and exposed to cell-free virus or cell-associated virus in R10 medium with 20 U/ml IL-2 in a 24-well plate for 2 days. After viral exposure, the sealing gel was removed and the explants were washed 3 times with phosphate-buffered saline (PBS; Life Technologies). The explants were fixed with 2% paraformaldehyde in PBS for 15 min at RT, washed twice with PBS, and stored in 70% ethanol at 4°C overnight. The tissues were transferred into 50% methanol for 1 h at RT, washed twice with PBS, permeabilized with 1% Triton X-100 (Sigma-Aldrich) in PBS for 1 h, and blocked in CAS-Block solution (Life Technologies) for 2 h at RT (13) . The tissues were incubated in a humid chamber with 4 g/ml anti-p27 antibody derived from SIVmac251 (Advanced Biotechnologies Incorporated, Columbia, MD) in 0.5% Triton in CAS-Block solution (Life Technologies) at 4°C overnight. Tissues were washed 3 times with 0.1% Tween 20 (Sigma-Aldrich) in PBS and incubated overnight in a humid chamber at 4°C with a secondary antibody consisting of the Alexa Fluor 647 F(ab=) 2 fragment of goat antimouse IgG (HϩL; Life Technologies). Tissues were washed 3 times with PBS, fixed with 1% fresh paraformaldehyde in PBS for 15 min, stained with 1 g/ml DAPI (4=,6-diamidino-2-phenylindole; Life Technologies) for 30 min, washed twice, and placed on a microscope slide with mounting buffer. All immunofluorescence images were captured with a Zeiss LSM510 upright confocal system (Carl Zeiss Microscopy, Thornwood, NY).
Explant cell isolation and identification of newly infected resident cells. Cells were isolated from colon explants by incubating the biopsy specimen pieces in R10 medium supplemented with 0.5 mg/ml collagenase II (Sigma-Aldrich) for 25 min. Samples were then homogenized by 6 passages through a 10-ml syringe connected to a 15-gauge needle, followed by passage through a 70-m-mesh-size nylon mesh cell strainer. Cells were washed using RPMI with 2% FCS. To identify new events of infection, cells were stained with stain from a LIVE/DEAD fixable yellow dead cell stain kit (Life Technologies) and CD4 peridinin chlorophyll protein-Cy5-5-specific (clone L200; Becton, Dickinson, Franklin Lakes, NJ), CD8 allophycocyanin-Cy7-specific (clone SK1; Becton, Dickinson), and CD3 Pacific Blue-specific (clone SP34.2; Becton, Dickinson) antibodies for 15 min and fixed with 1% formaldehyde. Samples were collected on an LSR II instrument (Becton, Dickinson) and analyzed using FlowJo software (version 9.3.1; Tree Star, Ashland, OR). Approximately 10 6 events were collected per sample. Dead cells were excluded from the analysis. CD3
ϩ CD8 Ϫ GFP-positive (GFP ϩ ) Far Red-negative (Far Red Ϫ ) cells were defined to be newly infected.
Isolation and infection of human CD4 ؉ T lymphocytes. Total PBMCs were isolated from human blood by Ficoll-Hypaque gradient centrifugation and stimulated with 6.25 g/ml concanavalin A (Sigma-Aldrich) and 20 U/ml IL-2. After 1 day of stimulation, CD4
ϩ T cells were enriched from the PBMCs using a CD4 ϩ T cell isolation kit II for negative CD4 ϩ selection (Miltenyi Biotec, Auburn, CA) and a mass spectrometry column (Miltenyi Biotec). Purified CD4 ϩ T cells were infected with HIV-1(R5) NL4.3-BaL-GFP at a multiplicity of infection (MOI) of 8 ϫ 10
Ϫ4 . At 4 to 7 days postinfection, the cells were washed 3 times and stained with CellTrace Far Red (DDAO-SE).
Live/dead cell assays. For experiments using live and dead cells, half of the uninfected CD4 ϩ T lymphocytes, isolated using a CD4 ϩ T cell isolation kit II for negative CD4 ϩ selection, were fixed in 1% formaldehyde for half an hour and then washed 3 times with PBS before staining with CellTrace Far Red (DDAO-SE). The prefixed dead CD4 ϩ T lymphocytes were mixed with live CD4 ϩ T lymphocytes stained with CellTracker Green (CMFDA) at a live/dead cell ratio of 1:1 and resuspended in R10 before adding them atop the tissue explants.
In vivo cell-free and cell-associated virus infection. Animal studies in nonhuman primates were conducted at the New England Primate Research Center, Southborough, MA, and at Bioqual, Rockville, MD, with approval by the Institutional Animal Care and Use Committees. The outbred adult rhesus macaques did not express the major histocompatibility complex class I alleles Mamu-A*01, Mamu-B*08, or Mamu-B*17. For in vivo challenges with cell-associated virus, PBMCs from an SIV-naive donor monkey were isolated by Ficoll gradient centrifugation, washed repeatedly, and then exposed to a low dose (MOI Ͻ 0.01) of SIVmac251. At 7 days postinfection, cells were washed 4 times with R10. A 1-ml inoculum of 5 ϫ 10 5 infected PBMCs was administered atraumatically by the intrarectal route to sedated rhesus monkeys. The TCID 50 of both free virus and infected rhesus PBMCs were determined on TZM-bl reporter cells. In addition, we confirmed by real-time PCR that the burden of SIV (up to 24,000 viral DNA copies/inoculum) was comparable to the burden of HIV-1 found in semen in vivo (up to 80,000 viral DNA copies/ml inoculum) (14) (15) (16) . For intrarectal challenge with cell-free virus, the same SIVmac251 challenge stock was used. On the basis of the original TCID 50 of the challenge stock, the viral stock was diluted with R10 to achieve the same average titer used for the cell-free challenges (1 ml of 92 TCID 50 /ml). Plasma SIV RNA levels were determined weekly after challenge by quantitative real-time PCR. Monkeys that developed viremia were not subjected to further weekly challenges.
Real-time PCR.
PBMCs from a naive monkey were exposed to SIVmac251 challenge stock at an MOI of Ͻ0.01. At 7 days postinfection, cells were washed 4 times with R10 and DNA was extracted using a Qiagen DNA microkit (Qiagen, Frederick, MD). All PCR assays were performed using TaqMan PCR master mix (Life Technologies) and analyzed with Stratagene MX4000 software, version 4.2 (Agilent, Santa Clara, CA). Run conditions were 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1.5 min. A quantitative real-time PCR for Gag was performed (17) by using 250 ng of DNA and 900 nM forward primer SIV-Gag-F (5=-GTCTGCGTCATCTGGTGCATTC-3=), 900 nM reverse primer SIVGag-R (5=-CACTAGGTGTCTCTGCACTATCTGTTTTG-3=), and 250 nM SIV Gag probe (5=-CTTCCTCAGTGTGTTTCACTTTCTCTTCTGC G-3=) linked to 6-carboxyfluorescein (FAM) and black hole quencher (BHQ) (Life Technologies). Relative cell numbers in each genomic DNA sample were determined as previously described (18) . Briefly, the relative quantity of Gag was standardized to that of albumin in a known number of PBMCs, as determined by serial dilution. Forward primer AlbF (5=-TGCAT GAGAAAACGCCAGTAA-3=), reverse primer AlbR (5=-ATGGTCGCCTGT TCACCAA-3=), and probe AlbP (5=-AGAAAGTCACCAAATGCTGCACG GAATC-3=) linked to FAM and BHQ (Life Technologies) were used.
Statistical analysis. All data are presented as the mean Ϯ standard error of the mean (SEM), as noted below. Statistical differences between groups were assessed using a two-tailed Student t test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Establishment of explant system. To model early events in HIV-1/SIV infection and to study viral acquisition across a mucosal barrier, distal colon tissue specimens from SIV-naive rhesus monkeys and uninfected humans were cut into 2-to 4-mm 3 pieces. Colon explants were placed on a cold surface with the mucosal layer facing down, and agar gel was added to seal the basal and lateral surfaces (19) (Fig. 1A ). When such a tissue specimen from a rhesus monkey was placed in a transwell and concentrated free SIVmac251 (1.7 ϫ 10 5 TCID 50 /ml, as determined in vitro using TZM-bl reporter cells) was added on top of the sealed mucosal layer (Fig. 1B) , the virus did not penetrate to the lower well (Fig.  1C) , demonstrating that the gel sealant was successful in preventing viral penetration through the cut sides of the explant. Moreover, sealing the sides and the internal side of colon tissue pieces in agar gel prevented the penetration of 100% India Ink dye into the internal side of the organ (data not shown), confirming that the use of agar gel is a highly effective sealing method.
Determination of viability. To monitor the viability of the colon explants over time, an MTT assay was performed. The results demonstrated stable dehydrogenase enzyme-specific activity in the sealed human colon explants (Fig. 1D) , indicating tissue viability during the first 6 days of organ culture. In order to determine the morphological integrity of the colonic tissue explants over time, we kept the sealed colon tissue pieces in culture, as described above, and took samples for paraffin section at several time points. The pathological analysis of the H&E staining clarified that at time zero the epithelial layer was morphologically fully intact (Fig. 1E) . At 2 h postculture, it was possible to see subnuclear vacuolization; however, the epithelial layer remained intact. At 4 h, microscopic regions showed minimal separation between the epithelial layer and the basement membrane, but the continuity of the epithelial layer was preserved. At 50 h, there were widespread degenerative changes in the epithelial layer to a degree that would compromise the continuity of the epithelial layer (Fig.  1E ). However, it should be noted that by using confocal microscopy, the first barrier, the mucin layer (built up mainly from mucin 2, a very stable glycoprotein), appeared to be preserved in the colon explant model during the time of the experiments and for up to 6 days (data not shown).
Relative infectivity of cell-associated and cell-free SIVmac251. We then sought to evaluate the relative infectivity of cell-associated and cell-free SIVmac251 in the sealed colon explant model. PBMCs as a source of cell-associated virus and plasma as a source of cell-free virus were isolated from the blood of an SIVmac251-infected rhesus monkey with a plasma viral load of 9.1 ϫ 10 7 SIV RNA copies/ml. Semen was not used as a source of virus because of the donor-to-donor variability in the number of white blood cells present in semen samples and the small volume accessible (20) . The explants were sealed and placed into medium-containing wells. PBMCs were washed and stained with CellTracker Green to facilitate discrimination between these cells and resident cells in the explants. The TCID 50 of both cell-free and cell-associated virus were determined in vitro using TZM-bl reporter cells. One milliliter of plasma (2.3 ϫ 10 3 TCID 50 /ml) or R10 medium containing 10 6 stained PBMCs from the same infected monkey (1.8 ϫ 10 2 TCID 50 /ml) was added to the mucosal surface of the colon tissue. Two days later, the tissues were washed, fixed, and stained using whole-mount immunofluorescence. While we did not observe infection initiated by cell-free virus ( Fig. 2A, merged field) , the donor PBMCs not only penetrated into the colon epithelial layer but also initiated new infection of resident target or host cells (Fig. 2B and C, merged fields) .
Evaluation of migration into mucosal tissues. To examine whether allogeneic PBMCs can penetrate the mucin and migrate into the epithelial layer of the explant, CellTracker Green-stained PBMCs from SIV-naive monkeys were added to the exposed mucosal layer of sealed colon explants for 48 h. Next, we examined cryosection slides from the organs using fluorescence microscopy. The presence of green-stained donor PBMCs in the epithelial layer (Fig. 3A, merged field) confirmed the penetration of donor PBMCs into the explant tissue. To investigate whether the penetration of donor PBMCs into the epithelium is an active or passive process, a mixture of equal numbers of green-stained PBMCs and 6-m red beads was added atop sealed colon tissues obtained from both rhesus monkeys and humans (Fig. 3B, top) . Visualization by confocal microscopy revealed that while the inert red beads did not enter the colon mucosa, the green-stained donor PBMCs penetrated into monkey and human explant tissues (Fig.  3B, bottom) , suggesting active cellular migration.
To determine whether the absence of inert beads in the colon mucosa was an artifact related to differential surface charges, we then compared the cellular migration of live versus dead CD4 ϩ T cells into the allogeneic colonic epithelial layer. Isolated live CD4 ϩ
T cells stained with CellTracker Green and dead CD4
ϩ T cells stained with CellTrace Far Red were added to the mucosal surface of sealed human colon explants (live/dead cell ratio, 1:1) and incubated. After 2, 24, and 48 h incubation, followed by repeated washes and fixation, the tissues were assessed by confocal microscopy for the presence of live and dead cells (Fig. 3C) . While dead donor CD4 ϩ T cells were detectable only at the luminal organ surface, live CD4 ϩ T cells were observed throughout the mucosal epithelial layer with increasing numbers over time, indicative of active migration into the colonic tissue.
In order to determine the ability of CD4 ϩ T cells to penetrate through the intact mucosal layer, we performed an experiment focusing on cell penetration in the first few hours (immediately after receiving the fresh organ). H&E staining indicated that the entire epithelial layer was intact before culturing (at 0 h). Most of the epithelial layer (ϳ98%) also remained intact at 1 h following the addition of the CD4 ϩ T cells (Fig. 3D, left) . Confocal microscopy and Nomarski optics allowed us to recognize and focus on the intact epithelial cells. We identified a small number of CD4 ϩ T cells (Fig. 3D , right, stained green) that were able to penetrate the mucin layer, adsorb to the epithelial layer, and even invade the entire surface of the mucosa, demonstrating the ability of CD4 ϩ T cells to penetrate even a fully intact epithelial layer.
Analysis of infectivity by HIV-1 in the explant model. We evaluated the infectivity of cell-associated HIV-1 compared to that of cell-free virus in human colon tissues using a replication-com- petent CC chemokine receptor type 5 (CCR5)-tropic HIV-1 strain expressing green fluorescence protein (GFP) (NL4.3-BaL-GFP) (8) . Uninfected human CD4 ϩ T cells, which were enriched by negative selection, were exposed to HIV-1 expressing GFP in vitro. Five days later, the cells were washed and stained with stable CellTrace Far Red to differentiate donor cells and resident cells in the explant tissue. Cell-free HIV-1 expressing GFP or CD4 ϩ T cells (stained with CellTrace Far Red) infected with HIV-1 expressing GFP were added on top of sealed fresh human colon explant specimens with decreasing TCID 50 titers, as measured in vitro using TZM-bl reporter cells. Two days after the exposure to virus or infected cells, the tissue specimens were washed and the medium was replaced. The explant tissues were then incubated for an additional 3 days and, after digestion, subjected to flow cytometric analysis. To include T cells that had downregulated the expression of the CD4 molecule during HIV infection, the percentage of infected CD4 ϩ T cells was determined by gating on live CD3 ϩ CD8 Ϫ T cells. Quantification of newly infected CD4 ϩ T lymphocytes resident in the colon specimens (Fig. 4A , upper left quadrant of each histogram) indicated that the introduction of cell-associated virus was responsible for a high level of infection (27% newly infected resident CD4 ϩ T cells were generated in the explant tissue by the introduction of 3.5 ϫ 10 3 TCID 50 /well). To initiate a comparable infection using cell-free HIV-1, an approximately 10 times higher dose was required (19% newly infected resident CD4 ϩ T cells were generated in the explant tissue by the introduction of (bottom) colonic explant tissue from a monkey and a human. PBMCs stained with CellTracker Green and red beads were added to these explants, and 48 h later the tissues were washed, fixed, and assessed by confocal microscopy for the presence of beads and donor cells in the cell layers below the mucosal. Arrows, donor PBMCs that migrated into the tissue. Penetration of red beads below the mucosal layer was not observed. The data shown are representative of 5 experiments performed in triplicate. Each of the 2-by 2-mm tissue specimens was scanned entirely by two independent investigators. (C) (Left) Live human donor CD4 ϩ T lymphocytes cells stained with CellTracker Green and dead prefixed CD4 ϩ T lymphocytes stained with CellTrace Far Red were added on top of sealed human colon explants. After 2, 24, and 48 h, the tissues were washed, fixed, and assessed by confocal microscopy from a side view for the presence of live (green) and dead (red) cells in the organ. In the representative side view taken 48 h after addition of cells, red arrows mark dead donor CD4 ϩ T lymphocytes cells that absorbed to the luminal organ surface, while green arrows point to live CD4 ϩ T lymphocytes cells that migrated into the colonic tissue. (C) (Right) Kinetics of human organ penetration by live and dead cells over time. Mucosal colon tissues 4 by 4 mm in area were exposed to live or dead CD4 ϩ T lymphocytes cells at a live/dead cell ratio of 1:1. Tissues were scanned entirely, and pictures were taken (n ϭ 6) and analyzed. Data represent those from 2 independent experiments. The graphs show means Ϯ SEMs. (D) Histological sections (5 m) were prepared from cultures of human colon tissues immediately following surgery and at 1 h after culture. (Left) The paraffin-embedded slides were stained with H&E. Live human donor CD4 ϩ T lymphocytes stained green with CFSE were added on top of sealed fresh human colon explants. Following 1 h, the tissues were washed, fixed, and prepared for cryosection (30 m). Confocal microscopy and Nomarski interference contrast optics were used to recognize and focus on the intact epithelial cells. (Right) A small number of CD4 ϩ T cells stained green (arrows) were able to penetrate through the mucin layer, adsorb to the epithelial layer, and invade the entire surface of the mucosa. L., lumen side of the organ.
ϫ 10
4 TCID 50 /well). Moreover, a TCID 50 /well of greater than 9.7 ϫ 10 3 was required to initiate infection using cell-free HIV-1, while, strikingly, cell-associated HIV-1 initiated infection with as little virus as 7 TCID 50 /well. Our results indicate that the newly infected cells in the colon tissue after exposure to cell-associated as well as cell-free HIV-1 expressing GFP are primarily CD4 ϩ T cells (Ͼ90%) (data not shown).
To further evaluate the relative infectivity of cell-associated and cell-free virus, we performed three independent experiments using explanted human colon tissue from different patients who had undergone colonic resection. The percentages of infected CD4 ϩ T lymphocytes, normalized by the number of infectious units used to initiate infection, suggested that cell-associated virus induced infection more efficiently than cell-free virus ( Fig. 4B ; P ϭ 0.004). Using confocal microscopy, infection by free virus was not detected (Fig.  4C, left) . However, we identified that donor CD4 ϩ T lymphocytes penetrated into the mucosa of human colonic tissue (Fig.  4C, middle, red cells) . We also identified cells expressing only GFP without Far Red staining, representing newly infected cells (Fig. 4C, right) . Combined, these data provide additional evidence of initiation of infection by cell-associated virus.
In vivo evaluation of infectivity by cell-free or cell-associated SIVmac251. To validate these results in vivo, we next carried out a nonhuman primate study to compare the efficiency of cell-associated and cell-free SIVmac251 in initiating mucosal infections in rhesus monkeys. First, we measured the TCID 50 of both the free virus stock and the infected PBMCs using TZM-bl reporter cells. Low doses of virus (92 TCID 50 /ml) were administered by the intrarectal route to 5 monkeys as cell-associated virus and to 4 monkeys as cell-free virus in 4 successive challenges (Fig. 5A ). While this low dose of cell-free virus did not initiate an infection, cellassociated virus successfully initiated infection in 3 of 5 monkeys following only 2 challenges with the same dose of virus. The monkeys that became infected after intrarectal challenge with cell-associated virus exhibited a typical acute SIV infection with a peak viremia ranging from 5.3 ϫ 10 6 to 7.3 ϫ 10 6 viral RNA copies/ml at 10 to 14 days after challenge, followed by a loss of CD4 ϩ T lymphocytes ( Fig. 5B and C) .
DISCUSSION
The findings in our colonic explant model suggest that cell-associated HIV-1 (virus-infected lymphocytes) may be able to trans- ϩ T cells in the explants compared to the TCID 50 used to initiate infection showed that cell-associated virus was significantly more efficient in initiating infection than cell-free HIV-1 (R5) NL4.3-BaL-GFP (P ϭ 0.004, t test). (C) Confocal images of colon explants exposed to cell-free HIV-1 (R5) NL4.3-BaL-GFP (2.0 ϫ 10 4 TCID 50 /ml) or CD4 ϩ T lymphocyte-associated HIV-1 (R5) NL4.3-BaL-GFP (4.3 ϫ 10 3 TCID 50 /ml). Fluorescence confocal microscopy showed no infection 5 days after exposure to cell-free virus. The triangle points to representative donor cells that entered the organ explant; arrows point to newly infected host cells (GFP ϩ Far Red Ϫ ). Magnifications, ϫ200.
mit infection across the rectal mucosa more efficiently than cellfree virus. This increased efficiency could be a consequence of the ability of CD4 ϩ T lymphocytes to adsorb to the mucosal layer and, while attached to the mucosa, continually produce virus that can initiate infection (Fig. 4A) . In contrast, the cell-free virus is either washed out of the lumen, trapped by the viscoelastic mucosal layer present at the colonic mucosa (21, 22) , or blocked by the epithelial layer (23, 24) . However, CD4
ϩ T cells can actively migrate through mucosal tissue (14, 25, 26) (Fig. 2B, 3 , and 4C), allowing infected cells to potentially transmit the virus to resident CD4 ϩ T cells either via cell-to-cell contact or by release of virus below the mucosal barrier. Although we observed that over 90% of infected cells in the colon are CD4 ϩ T cells (data not shown), we cannot rule out a role for macrophages and dendritic cells in late viral spreading.
It should be noted that the first barrier-the mucin layer (built up mainly from mucin 2, a very stable glycoprotein)-seems to be preserved in the colon explant model during the time of the experiments, and indeed, the barrier formed by the mucin layer prevented any penetration of the control dead cells and beads ( Fig.  3B to D) . The highly efficient infection by cell-associated HIV-1 in the colon explant system (cell-associated HIV-1 infection with as little virus as 7 TCID 50 /well; Fig. 4A ) was supported by our results obtained using a rectal SIV challenge in rhesus macaques. Despite the high variance of biologic substrate in semen samples from HIV-1-infected patients, the inoculum of 50,000 PBMCs that was used to challenge the monkeys in vivo with a viral burden of up to 2.4 ϫ 10 4 DNA copies/inoculum appears to simulate exposure to sexually transmitted HIV-1. The median numbers of leukocytes in semen have been shown to be 1 ϫ 10 5 cells/ml of semen, and the cell-associated HIV-1 burden has been shown to be up to 80,000 DNA copies/ml seminal inoculum in HIV-1-infected males (14, 15, 27, 28) . In contrast, previous rhesus macaque challenge models with cell-free SIV used very high viral doses (10 6 to 10 7 viral RNA copies/inoculum) (9, 29, 30) in order to initiate infection. Such a high cell-free viral burden has been reported in only 3 of 89 HIV-1-infected patients (31) and is much higher than the typical cell-free viral burden in the semen of infected individuals (maximum, 4 ϫ 10 5 viral RNA copies/ml) (20) . The superior infectivity of cell-associated HIV-1/SIV versus cell-free HIV-1/SIV in a mucosal infection through the colon (ex vivo and in vivo) may not be limited to colon infection, as recent publications indicate that cellassociated SIV can also initiate efficient infection through the intact vaginal mucosa in an in vivo macaque monkey model (14) . The findings of early studies in the 1990s (32) that used highly concentrated cell-free virus (an amount 10 5 times higher than that received by the intravenous route) but that did not elicit infection by intravaginal challenge with limited numbers (10 5 ) of PBMCs from SIV-infected monkeys may have contributed to the abandonment of studies investigating the role of cell-associated virus in viral acquisition. While the vast majority of challenge studies have been performed with cell-free virus, some researchers have emphasized the potential importance of cell-associated HIV (3, 5, 16) . On the basis of our results, future challenge studies should include both cell-free and cell-associated virus.
Our findings may have significant implications for the understanding of the pathogenesis of mucosal transmission of HIV-1 and for the development of strategies to prevent HIV-1 transmission.
In order to gain a better comprehension regarding the exact mechanism of cell-associated virus infectivity, further studies should use in vivo models and perhaps tissues from newly infected patients to determine the relative infectivity of invading cells compared to that of cells that remain attached to the lumen side. Topical microbicides that inactivate free virus but do not block infected cells may not protect against mucosal acquisition of virus. Also, viral antigens may be presented differently to the immune system when expressed on the surface of infected cells or as cellfree virus (7) . This has implications for the roles of mucosal CD8 ϩ T cells and antibody-dependent cell-mediated cytotoxicity, which may be capable of targeting infected cells and confer sterile protection from infection. In addition, the different modes of infection used by cell-associated HIV-1 (e.g., virological synapses, nanotubes, filopodia) (33-35) enable close contact between donor cells and target cells and can change the inhibition of antiretroviral drugs and neutralizing antibodies (6, 36) . All of these considerations may play an important role in vaccine immunogen design.
